Speckle photography can be used to monitor deformations of solid surfaces. The measuring characteristics, such as range or lateral resolution depend heavily on the optical recording and illumination set-up. This paper shows how, by the addition of two suitably perforated masks, the optical aperture of the system may vary from point to point, accordingly adapting the range and resolution to local requirements. Furthermore, by illuminating narrow areas, speckle size can be chosen independently from the optical aperture, thus lifting an important constraint on its choice. The new technique in described within the framework of digital defocused speckle photography under normal collimated illumination. Mutually limiting relations between range of measurement and spatial frequency resolution turn up both locally and when the whole surface under study is considered. They are deduced and discussed in detail.
Introduction
When a solid object undergoes a load change, its deformation field exhibits different behaviours over the surface. For instance, when a vertical force is applied at the free end of a horizontal cantilever beam, slope changes are bigger and more uniform in the vicinity of the load than near the supported end. [1] In other words, the ranges for spatial frequencies and magnitudes of the slope variation fields are not evenly distributed over the object surface.
On the other hand, when optical methods are used to measure the surface deformation, they are generally tuned to provide adequate characteristics for the whole surface, so that there are one range of measurement and one lateral resolution. This may lead to compromise solutions where the high values expected in some areas reduce the lateral resolution available even in points with anticipated lower values.
Defocused speckle photography has long been used to measure the distribution of out-of-plane rotations over a surface under load changes. However, its measuring ranges for rotation and spatial frequency are the same over the whole area under study. Moreover, when digital recording systems are used, these values are strongly conditioned by the camera resolution. This paper describes a new enhancement of the system that makes its capabilities more adaptable both by allowing different measuring characteristics over the surface and by untying their relation to the camera resolution.
When a visible laser beam is scattered by a rough surface, the reflected light intensity exhibits a grainy distribution, called speckle pattern. The origin of this phenomenon is the interference of the light coming from all the points of the surface. If non-coherent light is used, the interference patterns vary so quickly that only the average intensity is observed and therefore speckles only appear under coherent illumination.
The intensity pattern of the light scatterd from a rough surface can be collected by an optical system and recorded on a plane. Each set-up determines the way in which the light from different points in the surface interfere and thus the amplitudes, spatial frequencies, average speckle size and other characteristics of the intensity pattern at the recording plane. [2] For a given set-up, the speckle distribution represents a unique signature of the surface under observation. When the surface undergoes a mechanical transformation the interference combinations at every point in the recording plane are altered, but sometimes they can be partially reconstructed in a different point at the recording plane. In this case, the speckle pattern is said to be shifted (displaced) and decorrelated (slightly modified).
Speckle photographic techniques explore the possibilities of determining the object transformation from the speckle shift that takes place at the recording plane. When it is at the back focal plane of the optical set-up, the method is called Defocused Speckle Photography (DSP). If a digital detector (as a CCD camera) is used to record the speckle pattern then the system is said to be a Defocused Digital Speckle Photographic system (DDSP). Under normal collimated illumination, this tecnique is sensitive to out-of-plane rotations (or tilts) of the surface under observation. The speckles are displaced in the back focal plane of the lens by a distance which is proportional to the rotation angle (provided it is small). [3] It will be assumed that the investigated area is part of a rough planar surface.
The recorded speckle pattern (or specklegram) is stored in a computer. Then a load change is applied to the object and a second specklegram is obtained. Once the two specklegrams are available, computer algorithms are applied to find the speckle displacement with sub-pixel accuracy. Finally, the distribution of the tilt throughout the area is evaluated.
When digital recording is used, speckle size considerations may play an important role in the design of the optical system. Speckles should not be smaller than the detector cell, because the speckle pattern would be spatially averaged in the recorded specklegram. This leads to a reduction in the speckle contrast and eventualy to a total loss of the pattern. On the other hand, if speckles are much wider than the detector cells, many pixels are necessary to compute the speckle displacement, leading to poorer lateral resolution. Moreover, random errors in the results of digital processing depend on speckle size, so that it should be kept as small as posible, yet taking into account the previous considerations. Some studies have been published in order to set the optimal speckle size in digital speckle photography, so that its optimum value s * lies close to
where w is the pitch of the cells in the sensor array. [4, 5, 6] Speckle size in the recording plane of a defocused speckle photographic system is determined by the narrowest aperture a m of the light arriving at a point of the detector.
and therefore, it should be assured that
As alredy stated, defocused speckle photography is used to assess the distribution of slope variations over a surface when a load change is produced. The aperture of the optical system determines both the range and the lateral resolution of measurement. It will be shown that big apertures allow larger ranges and narrower resolutions and small apertures work in the opposite way.
The core of the method described in this paper is the use of a pair of coupled masks to illuminate and collect light from the surface into the digital camera. The masks should be suitably perforated so as to provide the speckle size, effective aperture, lateral resolution and measuring range from a distributed system approach. In this paper, the mathematical relations satisfied by the main parameters and their mutual limitations are analysed.
Previously described implementations of the method exhibit two limiting characteristics: a) the optical system has one aperture, and thus, the measuring range and lateral resolution are shared by all the points in the surface under observation.
b) the aperture of the system sets the already mentioned measuring characteristics and the speckle size, so that it is not possible to tune them independently.
The system presented here relays on a slightly modified implementation that improves on the afore mentioned problems. First, the optical set-up is described and then its main features are analysed.
In short, as alredy stated, lateral resolution and maximum range depend on the effective aperture of the optical system, so that, in order to relieve the aperture determination from speckle size considerations, we use an illumination mask that produces an illumination pattern made of a discrete set of narrow circles of diameter a, so that the speckle size is primarily determined by a. Besides, a second mask is added in order to assign a different entrance pupil for every illuminated area. Therefore, it is possible to have different speckle sizes, lateral resolutions and measuring ranges over the illuminated area.
Recording areas and their individual cells are often rectangular, although in this work, for the purpose of simplicity, they are assumed to be square. In the following sections, the sides of the sensing area and the individual cell squares will be supposed to be b, w, respectively. Besides, a focal length f , an object to lens optical distance d, an L × L square observed area and a lens aperture diameter D are assumed. Further, in order to use the maximum recording area, the following relation
will be supposed to hold.
Antecedents
The first paper describing a defocused two-exposure method to measure outof-plane rotations was due to Tiziani, [7] and was later extended for vibration analysis. [8] If normal illumination and observation are used, the speckle shift at the recording plane is given by [9] d x = 2f β (5)
where α, β are the (small) rotation angles around the x, y axis of a cartesian system placed on the mean plane of the object surface and f is the focal length of the recording system. Lateral displacements do not appreciably alter these values. Gregory considered divergent illumination and showed that when the optical system is focused on the plane than contains the image of the point source considering the object surface as a mirror, the speckle shift only depends on out-of-plane tilts. [10, 11, 12] Chiang and Juang described a method to measure the change in slope by defocused systems. [13] A great number of later papers document the use of defocused speckle photography to measure in-plane and out-of-plane rotations and strains. [14, 15, 16, 17] Today CCD cameras store the specklegrams taken before and after the mechanical transformation in a digital computer and adequate algorithms reveal the speckle shift distribution with sub-pixel accuracy. [18, 19, 20, 21] splitter BS and reaches the rough surface S. Part of the light scattered from S is reflected by BS and recorded at the back focal plane R of lens L1. Henceforth, this system will be refered to as DIDDSP(direct illumination digital defocused speckle photography) set-up. For a defocused recording system, the speckle size is given by [22] s = 1.22λf D
When a part of the object surface undergoes an out-of-plane rotation α, the light scattered from it experiments a rotation 2α and completely falls off the aperture of the system when
Thus the maximum measurable rotation is
Neglecting diffraction effects, the diameter of the area which reflects light to the same point at the detector plane is D. Consequently, the lateral resolution ∆ of the measurements is equal to D
The relation
represents the mutual limitation on range and spatial frequency, that holds for any aperture. With regard to the requirements posed by the use of a digital system, it follows that if the optimum speckle size is s * , the diameter D should be chosen according to
and hence,
AADDSP
In Fig.2 the new system is depicted. A beam from the laser source LS is expanded and spatially filtered to obtain a collimated beam at least as wide as the area under study. The beam is splitted by the perforated mask IM into a set of narrow beams of diameter a i , provided that the wavelength λ is much smaller than a i (λ ≪ a i ). A beam splitter BS lets half of the radiation arrive at the diffuse surface Σ. The light reflected by Σ reaches BS again, half of its intensity goes through a second perforated mask AM and is finally recorded on the back focal plane of lens L1. The circular holes in AM are aligned with the rays coming from the centers of the holes in IM to the center of L1. We will refer to this set-up as Adaptive Aperture Defocused Digital Speckle Photographic (AADDSP) system. An equivalent uniaxial system is depicted in Fig.3 .
The Fig.4 represents an IM (a), a corresponding AM (b) and the resulting specklegram (c).
Each collimated beam emerging from IM illuminates a circle Σ i of diameter a i in the object surface Σ. From each point in Σ i parts a light cone limited by a corresponding circle e i of diameter c i in AM. The aperture diameter D of L1 is to be computed so as to exclude the light that pasess trough any other circle (e j , j = i) in AM, yet letting all the radiation from the corresponding circle (e i ) reach the recording plane, where it forms a speckled circle r i of diameter g i .
The speckle size at r i depends mainly on the narrowest aperture encountered by the cone, so that by assuring the condition
the speckle size is made practically independent from c i and can be approximated by Condition 14 also limits the decorrelation and intensity fading that occurs towards the border of the circle. The optimum speckle size s * depends mainly on the camera resolution, so that the diameters a i should all be equal to a = 1.22λf s *
Next, it has to be assured that the circles e i on AM do not overlap, provided that the circles r i in the recording plane do not. This means that the AM circles diameter c i and the AM width p must satisfy
where g i is the diameter of the speckle circle in the detector which is given by
and
being m, n the distances from IM to the object and the lens surfaces respectively, so that m ≤ n
On the other hand, spatial consiterations limit the posible values for m m ≥ L
so that
which entails f ≥ 2b (23) that is easily satisfied by current popular CCD cameras. As yet another restriction, it is necessary to avoid laser from an illuminated spot to get through the aperture of another spot and reach the entrance of the system. If the separation between the centers of two neighboring holes at IM is δ, the distance between the centers of the corresponding circles at AM is
that determines an angle for the deviated ray from the chief one
which has to be stopped, thus
Nevertheless, the aperture must let laser from the corresponding circles at IM go through AM, so that
Taking into account that the measuring range γ for the tilts is given by
so that the maximum measuring range for all the surface is
which implies a minimum lateral resolution ∆ at the points where the maximum range is allowed, so that
which is further limited by the non-overlapping condition for the circles at the detector plane ∆ ≥ 2dΓ (32) which, taking into account condition 20, is more restrictive, so that
In order to make condition 14 easier to fulfill, and considering Eq.28, the set-up will be arranged so that
Substitution for D in Eq.33 yields
The term b/f in popular cameras is on the order of 0.2. If a maximum measuring range of 1 × 10 −2 rad is desired then a 10 × 10 (or bigger) matrix can be obtained. 
Discussion
As stated earlier, Γ is the maximum measuring range and ∆ is its associated minimum lateral resolution, so that the sampled points in the surface may have better lateral resolutions (δ ≤ ∆), although at the cost of lower ranges (γ ≤ Γ). Taking into account Eq.35 and Eq.4, it follows that the possible values of ∆, Γ for AADDSP are mutually limited by Eq.10, exactly as for DIDDSP. Once Γ, ∆ are set in AADDSP, the measuring range γ and the lateral resolution δ for each sampled point in the surface can be chosen taking into account their mutually limiting relation
so that all possible pairs (δ, γ) are those contained in the hatched area in Fig.5 .
The maximum resolvable spatial frequency corresponds to a lateral resolution If abstraction is made of speckle and pixel sizes, (for instance, by considering different optic elements) the DIDDSP technique may be tuned so that ∆ DI , Γ DI may lay on any point of segment AB in Fig.5 . For AADDSP, it is a segment (not just a point) what can be chosen, and it is any segment whose slope is twice the one of AB and whose right-top end lies on AB.
